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Alfalfa mosaic virus (AMV) RNA replication requires the viral coat protein (CP). AMV CP is an integral component of the viral replicase;
moreover, it binds to the viral RNA 3′-termini and induces the formation of multiple new base pairs that organize the RNA conformation. The
results described here suggest that AMV coat protein binding defines template selection by organizing the 3′-terminal RNA conformation and by
positioning the RNA-dependent RNA polymerase (RdRp) at the initiation site for minus strand synthesis. RNA–protein interactions were
analyzed by using a modified Northwestern blotting protocol that included both viral coat protein and labeled RNA in the probe solution (“far-
Northwestern blotting”). We observed that labeled RNA alone bound the replicase proteins poorly; however, complex formation was enhanced
significantly in the presence of AMV CP. The RNA–replicase bridging function of the AMV CP may represent a mechanism for accurate de novo
initiation in the absence of canonical 3′ transfer RNA signals.
© 2007 Elsevier Inc. All rights reserved.Keywords: RNA–protein interactions; RNA-dependent RNA polymerase; Protein–protein interactions; Conformation; Template selection; Positive strand RNA
virus; Viral RNA replicationIntroduction
Replication of positive strand virus RNAs requires specific and
accurate recognition of genomicRNA3′-termini by the polymerase
enzyme, and template selection is enhanced by both RNA
sequences and structures and RNA–protein complexes. The 3′-
termini of some plant virus RNAs fold into transfer RNA like
structures that include the canonical CCA trinucleotide terminus
and the ability to be charged by aminoacyl synthetases (Fechter et
al., 2001).Weiner andMaizels have proposed that these tRNA-like
termini are molecular fossils that first served to tag the 3′-termini of
RNAs to be replicated by an RNA enzyme in the RNA world
(Maizels and Weiner, 1994, 1999; Weiner and Maizels, 1987).
Today, the 3′-terminal tRNA-like structure is found on only a subset
of viral RNAs, and viruses also use RNA–protein complexes to
enhance template selectivity. A classic example of RNA–protein⁎ Corresponding author. HST Division, MIT Building E25-545, 77 Massa-
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where the host ribosomal S1 protein and elongation factor Tu are
critical for viral template selection (Brown and Gold, 1996). Other
examples of proteins facilitating viral RNA replication are
poliovirus 3CD (Yang et al., 2004), as well as the 1A protein of
brome mosaic virus, and the 126-kDa protein of tobacco mosaic
virus (Chen et al., 2001). In recent data, the p33 protein of tomato
bushy stunt virus (TBSV) has been shown to bind to both viral
RNA and the viral RdRp to provide template specificity (Pogany et
al., 2005). These data suggest that host or viral proteins may bridge
the interaction between the viral RNA and the replicase, thus
providing template specificity and selection.
As a general rule, de novo replication initiation characterizes
most viruses that do not use cap-snatched primers or terminal
covalently bound proteins (Kao et al., 2001). Even so, in vitro
transcription analyses have shown that polymerases that initiate
de novo can also use short oligonucleotide primers instead of
the initiating rNTP (Kao and Sun, 1996; Nagy et al., 1997). De
novo replication introduces a potential telomere problem,
wherein nucleotides can be lost from the 5′-terminus of the
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accurately. For RNAs with a tRNA-like 3′-terminus, the CCA
terminus can be repaired, possibly by the nucleotidyl transferase
enzyme (Rao et al., 1989); moreover, primed initiation using
short abortive transcripts may also be a mechanism for
maintaining 3′-terminal nucleotide sequences (Nagy et al.,
1997). Members of the Tombusviridae do not have a tRNA-like
terminus, and it has been proposed that the viral replicase may
be involved in the repair process (Pogany et al., 2005).
Available evidence suggests that replication of alfalfa mosaic
virus (AMV) and ilarvirus RNAs is initiatedde novo at the RNA3′-
termini. AMV and ilarvirus RNAs lack the canonical tRNA 3′-
terminal CCA; moreover, there are no data reported to date
suggesting that AMV or ilarviruses initiate replication through a
primed mechanism with short abortive transcripts. AMV or
ilarvirus coat protein (CP) is implicated in AMV replication
because the viral genomic RNAs are not infectious in its absence
(Bol et al., 1971); however, coat protein's exact role in the
replication cycle has been debated (Bol, 1999; Guogas et al., 2004,
2005; Jaspars, 1999; Neeleman et al., 2001, 2004; Olsthoorn et al.,
2004; Petrillo et al., 2005). DefiningAMVcoat protein's functional
role(s) is challenging because, like many viral proteins, it is
multifunctional, with proposed roles in transcription or main-
tenance of the plus/minus RNA strand ratio (Houwing and Jaspars,
1978; Van der Kuyl et al., 1991) and translation (Krab et al., 2005;
Neeleman et al., 2001, 2004). Comparisons among data from
different laboratories are also complicated by the fact that at least
four different experimental systems have been used; that is, in vitro
studies using biochemically purified components (Van Rossum et
al., 1997), transient expression of viral RNAs expressed fromDNA
vectors (Vlot et al., 2001), in vivo analyses using wild-type plant
tissue (Houwing and Jaspars, 2000), and experiments using
transgenic plants or protoplasts that overexpress the two poly-
merase subunits, P1 and P2 (Taschner et al., 1991).
The hypothesis examined here is that AMV and ilarviruses
use the RNA–coat protein complex in place of the tRNA-like
3′-terminus for template selection and localization of the
polymerase on the viral RNA 3′-terminus. Several lines of
evidence are consistent with this hypothesis; however, the
question is an area of controversy in the literature. The unique
requirement for coat protein to activate AMVand ilarvirus RNA
replication (Bol et al., 1971), and the cofolding events that occur
when coat protein binds the 3′-terminus (Guogas et al., 2004) in
the minus strand promoter region (Van Rossum et al., 1997)
suggest that coat protein binding and replication initiation are
linked (Houwing and Jaspars, 1978). The AMV coat protein is
an integral component of the replicase (Quadt et al., 1991),
further suggesting a role in RNA replication. Alternatively, it
has been reported that coat protein inhibits viral RNA
replication (Bol, 2005; Houwing and Jaspars, 1986) and that
coat protein's principal role is to enhance translational
efficiency (Bol, 2005; Krab et al., 2005). Structural details of
the RNA–coat protein complex (Guogas et al., 2004) do not
support the conformational switch model for coat protein
function (Olsthoorn et al., 1999); moreover, recent evidence
indicates that coat protein strongly stimulates viral RNA
replication at low concentrations corresponding to early stagesof viral RNA replication, while inhibiting replication at higher
coat protein concentrations that correlate with particle assembly
(Guogas et al., 2005).
The experiments described here evaluate AMV RNA–RdRp
binding interactions in the presence and absence of the viral coat
protein. The data demonstrate that AMV coat protein acts as a
bridge to enhance the binding of 3′ untranslated region RNAs
from AMV and tobacco streak ilarvirus (TSV) to the replicase
subunit proteins P1 (helicase-methyltransferase protein) and P2
(RdRp). These interactions are specific because the tRNA-like
3′-terminus of tobacco mosaic virus RNA did not bind to the
AMV P1 or P2 proteins in the presence or absence of AMV coat
protein. Nucleotide substitution experiments provide evidence
that disrupting 3′-terminal coat protein binding domains blocks
viral RNA replication while permitting coat protein binding to
upstream domains that may have a role in enhancing viral
mRNA translation. The data suggest that, by binding both the
viral RNA 3′-termini (Zuidema et al., 1983) and the helicase-
methyltransferase/RdRp subunits (Quadt et al., 1991), the
AMV coat protein organizes the 3′-terminal RNA structure
(Guogas et al., 2004) and positions the polymerase for accurate
initiation.
Results
Throughout this report, the term “RNA-dependent RNA
polymerase (RdRp)” refers to the AMV P2 protein, while the
term “replicase” refers to the RdRp in complex with other
macromolecules, such as P1 (helicase-methyltransferase) pro-
tein, coat protein, or viral RNA. The P1 and P2 proteins were
expressed by infecting insect cells with recombinant baculo-
virus. The expressed proteins, which are membrane-associated
in the insect cells, were released by sequential treatments using
buffers containing increasing salt and detergent concentrations
(Lohmann et al., 1997). A representative Coomassie blue-
stained gel from a P2 expression and purification is shown in
Fig. 1A. Equal proportions of the supernatant fractions S1–S3
and P (pellet) were loaded onto the gel. Bands comigrating with
P2 protein were enriched in a second S3 extraction (Fig. 1A, lane
5) and in the pellet fraction (Fig. 1A, lane 6). Although the
expressed proteins carried a 6His tag, affinity purification using
nickel column chromatography gave low yields, possibly
because the 6His tag was not exposed. However, because of
the enrichment provided by the sequential solubilization steps
(Fig. 1A), as also reported by Lohmann et al. (1997), the extract
supernatants or pellet fractions were used without further
purification.
Expressed proteins were readily detected after SDS denatura-
tion by immunoblotting using an anti-6his monoclonal antibody.
The solubilized P2 protein was released using buffers LB1 and
LB2 (Fig. 1B, lanes 1 and 2), although insoluble protein
remained in the pellet fraction (lane 4). When the P1 and P2
proteins were co-expressed, membrane release followed a
different pattern in the lysis buffers. Although P2 protein
expressed alone was released by LBI (Fig. 1B, lane 1), little or no
co-expressed P1 was similarly released (Fig. 1C, lane 1). P1 and
P2 were present in roughly equimolar amounts in fraction S3
Fig. 1. Expression, purification, and activity of expressed AMV P1 and P2 proteins. Recombinant baculoviruses with the 6His-tagged P1 (helicase-methyltransferase)
or P2 (RNA-dependent RNA polymerase) protein under the control of the polyhedron promoter were used to infect insect cells. (A) Coomassie blue stain pattern of
expressed protein fractions. Expressed protein was released from membranes by treatment in buffers containing salt and detergents as described in Materials and
methods. Proteins were separated by SDS-polyacrylamide gel electrophoresis, and the gel was fixed and stained with Coomassie brilliant blue dye. Lane 1: molecular
weight markers; lanes 2–4: equal proportions of fractions S1, S2, S3, from the membrane release protocol as described in Materials and methods were loaded. Lane 5
represents a second extraction of the pellet fraction using Buffer LBIII, and lane 6 shows protein in the pellet fraction. (B) Immunoblot localizing expressed P2 protein
in the fractions. Proteins were separated by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membrane, and detected using anti-6His antibodies.
Lanes 1–3: soluble fractions S1–S3; lane 4: pellet fraction. The P2 arrow identifies the RNA-dependent RNA polymerase (RdRp) band. (C) Immunoblot showing co-
expression of the P1 (helicase-methyltransferase) and P2 (RdRp) proteins. Insect cells were co-infected with recombinant baculoviruses expressing the P1 and P2
proteins. The expressed proteins were analyzed as described in panel B. (D) In vitro transcription reaction. An aliquot of the soluble P2 protein was incubated with and
without an RNA template representing the 3′ untranslated region of alfalfa mosaic virus RNAs. The transcription products were separated by polyacrylamide gel
electrophoresis as described in Materials and methods. Lane 1: molecular size marker showing the migration of a 32P-labeled in vitro transcription product of the AMV
3′ untranslated region RNA (arrow); lanes 2 and 3: incubations performed in the presence (+) and absence (−) of AMV 3′ UTR RNA template.
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Heijden et al., 2001). Approximately one-third of the expressed
protein was solubilized in high salt and detergent, while two-
thirds remained in the pellet fraction (Fig. 1C, lane 4).
To confirm that released proteins retained enzymatic activity,
soluble P2 was tested in an in vitro transcription assay. Using
positive strand 3′ UTR RNA derived from AMV RNA 3,
template-dependent production of the correct-length product,
most likely negative strand RNA, was observed (Fig. 1D,
compare lanes 2 and 3). Similar results were observed using co-
expressed P1 and P2 protein (data not shown). The data
presented here demonstrate that soluble and enzymatically
active recombinant P2 RdRp was prepared. However, recombi-
nant RNA-dependent RNA polymerase proteins often lack
template specificity in the absence of other proteins that
contribute to the replicase complex (Kao et al., 2000; Lai,
1998). AMV RNA replication is coat protein-dependent in vivo
(Bol et al., 1971), but in vitro replication systems do not
recapitulate coat protein-mediated regulation because added
coat protein blocks transcription (Houwing and Jaspars, 1986).
As a result, available in vitro replication systems have limited
application for revealing mechanistic details of coat protein's
role in AMV replication.
RNA–P1/P2 interactions are observed when coat protein is
present
The requirement for coat protein in AMV and ilarvirus
replication correlates directly with the absence of canonical 3′-
terminal CCA transfer RNA-like features across members of
the virus family Bromoviridae. Therefore, we reasoned that
the AMV RNA–coat protein complex may be involved intemplate recognition and selection for replication. Coat protein
binds specifically to the 3′-terminus of the AMV RNAs,
generating a structurally uniform population of viral RNA 3′-
termini (Guogas et al., 2004); moreover, coat protein is
integral to the replicase (Quadt et al., 1991). We hypothesized
that coat protein, by binding both the viral RNA and the viral
RdRp, may bridge the replicase-RNA interaction, providing
template selection and specificity in transcription initiation. In
a related study, Stork et al. recently reported that the
Tombusvirus p33 protein functions in template selection and
binds to both the viral RNA and to the RdRp (Stork et al.,
2005).
A method, referred to here as far-Northwestern blotting, was
developed to assay specific protein–protein–RNA or protein–
RNA–protein interactions. This technique is similar to a
standard Northwestern blot, wherein proteins are separated by
SDS-PAGE, transferred to a membrane, renatured on the
membrane, and then probed with RNA. The distinguishing
feature of the far-Northwestern is that the membrane is probed
with a combination of RNA and protein; that is, the AMV 3′
UTR RNA and viral coat protein. P1 and P2 replicase proteins
from pellet fractions (Fig. 1) were separated by SDS-PAGE and
probed with anti-6His antibody to define their migration
positions (Fig. 2A). In adjacent lanes, P2 or P1/P2 protein
fractions, along with cell extract from mock-infected insect cell
and virion coat protein (vCP), were separated and then denatured
and renatured on the membrane (Fig. 2B, lanes 2–5). To
determine if the AMV 3′ RNA, containing the promoter for
minus strand RNA synthesis (Van Rossum et al., 1997), would
interact directly with P1 and/or P2 proteins, the blot was probed
with radiolabeled 3′ UTR RNA. The data (Fig. 2B, lanes 1–4)
demonstrate that there was no detectable direct association of the
Fig. 2. RNA–RdRp binding detected by far-Northwestern analysis in the
presence of viral coat protein. (A) Co-expressed P1 and P2 proteins were
separated by electrophoresis into an SDS-polyacrylamide gel and processed for
Western blot analysis using an anti-6his antibody. The arrows mark the
migration positions of the P1 and P2 proteins. (B) Northwestern blot analysis of
AMV 3′ RNA binding to P1, P2, and coat protein. Proteins were separated by
SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose mem-
brane, and sequentially denatured and renatured on the membrane as described
in Materials and methods. Radiolabeled RNA probe was added, followed by
incubation, washing, and autoradiography to detect RNA–protein interactions.
Lane 1: molecular weight marker proteins; lane 2: P2 protein; lane 3: P1/P2 co-
expressed proteins (pellet fractions); lane 4: extract prepared from mock-
infected insect cells; lane 5: virion coat protein (vCP). (C) Far-Northwestern
analysis, where the blot is probed with radiolabeled RNA in the presence of
soluble coat protein. The lanes are the same as panel B. In lanes 2 and 3, the
labeled RNAwas found to associate with protein bands that migrate faster than
P1/P2, which and are likely to be hydrolysis products of the expressed P1 and P2
proteins.
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replicase proteins P1 or P2 (lanes 2 and 3), or proteins of extracts
from mock-infected cells (lane 4). As a positive control, the
labeled RNA did bind to virion coat protein (Fig. 2B, lane 5) as
expected (Houser-Scott et al., 1994; Reusken et al., 1997).
Coat protein's role in the AMV RNA-P1/P2 interaction was
assessed by far-Northwestern blotting, wherein the membrane
was probed with a solution containing radiolabeled 3′ AMV
RNA and an equimolar amount of virion coat protein. The
resulting blot (Fig. 2C) reveals additional interactions as
compared to the Northwestern analysis (Fig. 2B). Bands
comigrating with P1 and P2 are evident (Fig. 2C, lanes 2 and
3); however, no bands were observed in the molecular weight
marker lane (Fig. 2C, lane 1), or the lane representing extract
prepared from mock-infected insect cells (lane 4). Labeled RNA
bound to the vCP control (lane 5). These data demonstrate that,
in the presence of the viral coat protein, labeled RNAwas found
in association with the viral P1 and P2 proteins. When coat
protein was present, the 3′ UTR RNA associated with either
AMV P1 or P2, suggesting that the interaction is not dependent
on a native P1/P2 complex. Furthermore, when comparing
amounts of proteins on immunoblots to the intensity of bands in
the far-Northwestern, it appears that 3′ UTR RNA associated
more efficiently with P1 than with P2 (Fig. 2C, lane 3).As a further test for binding specificity, Northwestern and
far-Northwestern blotting were performed using other RNAs.
Although AMVand ilarvirus coat protein sequences are distinct,
they will cross-activate viral RNA replication (Gonsalves and
Garnsey, 1975a,b; Van Vloten-Doting, 1975). In other words,
AMV coat protein will activate tobacco streak virus (TSV)
replication, and vice versa, suggesting a common role(s) in
replication. We hypothesized, therefore, that the 3′ untranslated
region of the closely related TSV RNAwould complex with the
AMV replicase subunits, while that of the distantly related
tobacco mosaic virus (TMV) RNA would not. In a manner
similar to that observed using the AMV RNA 3′ UTR (Fig. 2),
the radiolabeled TSV RNA interacted with AMV coat protein in
a standard Northwestern blot assay (Fig. 3A, lane 5); however,
there was no detectable interaction with the polymerase P1 and
P2 proteins (Fig. 3A, lanes 1–3), or with proteins in the mock
extracts (lane 4). However, in the presence of AMV coat
protein, the TSV RNA associated with P1 and P2 proteins (Fig.
3B, lanes 1–3), and also to presumed proteolytic breakdown
products of the P1 and P2 proteins (Fig. 3B, lanes 1–3, bracket).
As predicted, the TMV 3′ UTR RNA did not interact with the
AMV coat protein (Figs. 3C and D, lanes 5), or with the
polymerase P1 and P2 proteins, irrespective of whether coat
protein was present in the probe solution (Figs. 3C and D, lanes
1–3). These data provide further evidence that template
selection and specificity may be enhanced by AMV coat
protein's ability to bind specifically to the AMV replicase
proteins P1 and P2, and also to the viral RNAs.
Although the data presented in Fig. 2C (lanes 2 and 3) are
consistent with coat protein's identification as an integral
replicase protein (Quadt et al., 1991), Van Der Heijden et al.
(2001) reported that coat protein–P1/P2 interactions were not
detected in a two-hybrid assay. As a further test of direct CP-
replicase binding, membranes were probed with 35S-labeled
coat protein that was generated by translating viral subgenomic
RNA 4 (the coat protein mRNA) in a cell-free translation
system. Bands corresponding to P1 and P2 proteins (Fig. 4A,
lanes 1 and 2), as well as AMV virion coat protein (lane 4) were
observed. The interaction of labeled coat protein with the
immobilized vCP (Figs. 4A–C, lanes 4) was expected because
coat protein forms a homodimer (Kruseman et al., 1971). A
pattern of bands similar to those in Fig. 4Awas observed when
the blot was probed using far-Northwestern conditions using
unlabeled 3′ UTR RNA and 35S-labeled coat protein in the
probe solution (Fig. 4B). Further, this banding pattern was also
observed using far-western blot conditions where 35S-labeled
coat protein containing an R17A mutation was used as probe
(Fig. 4C). Coat protein containing the R17A mutation is
incapable of binding the viral RNA (Ansel-McKinney et al.,
1996). These data suggest that CP binding to P1 and P2 is RNA-
independent. Together, these results indicate that coat protein
interacts directly with both P1 and P2, suggesting that the
addition of coat protein to the far-Northwestern analysis (Fig.
2C) localizes labeled RNA to the RdRp subunits via RNA–coat
protein-replicase binding.
Native immunoprecipitation was used as a second approach
to test for coat protein–RdRp interactions. Soluble P2 protein
Fig. 3. RNA–RdRp interactions detected by far-Northwestern blotting are specific to AMV and ilarvirus RNAs. P1, P2, P1/P2, mock extract, and AMV virion coat
proteins were separated by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membrane, and successively denatured and renatured prior to probing
with radiolabeled RNA only (panels A and C) or radiolabeled RNA plus soluble AMV coat protein (panels B and D). The probes used for the experiments were the 3′
untranslated region of tobacco streak virus (TSV) RNA 4 (panels A and B) or the 3′ untranslated region of tobacco mosaic virus RNA (panels C and D). The bracket
indicates labeled RNA associated with protein bands that are likely to be hydrolysis products of the P1 and P2 proteins, which were found to be relatively unstable on
storage.
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were combined before adding anti-coat protein antiserum. The
immune complexes were captured using protein-A Sepharose,
and, after washing the matrix, bound proteins were analyzed by
SDS-PAGE and Western blotting using 6His antiserum. TheFig. 4. 35S-labeled AMV coat protein binds directly to P1 and P2 polymerase proteins.
and virion coat protein (lanes 1–4 respectively in each panel) were separated by SDS
followed by denaturation and renaturation as described in Materials and methods. (A)
translation. (B) Similar to panel A, except that the unlabeled AMV 3′ UTR RNA fr
except that the cell-free translation extract was programmed with mRNA encoding a v
protein interacting with protein bands that are likely to be hydrolysis products of the P
of translation extracts as probes was sometimes accompanied by high background intepresence of P2 protein in the input sample was confirmed (Fig.
5A, lane 1), and a further control showed that there was no P2
protein pulldown in the absence of added coat protein (lane 4).
Coat protein–P2 interactions were observed in the pulldowns
(Fig. 5A, lanes 2 and 3). The presence or absence of RNA in theP2 protein, P1/P2 co-expressed proteins, extract from mock-infected insect cells,
-polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane,
The membrane was incubated with 35S-labeled coat protein generated by cell free
agment was included with the 35S-labeled coat protein. (C) Similar to panel B,
ariant (R17A) form of the AMV coat protein. The bracket indicates labeled coat
1 and P2 proteins, which were found to be relatively unstable on storage. The use
ractions with proteins from mock-infected cell extracts (panels A and B, lane 3).
Fig. 5. Analysis of AMV coat protein–polymerase interactions by co-immunoprecipitation. AMV coat protein (40 nM or 80 nM) was added to soluble P2 protein.
Complexes were immunoprecipitated with anti-AMV coat protein or anti-6his antibodies. The precipitates were collected, separated by SDS-PAGE, transferred to
nitrocellulose membrane, and probed. (A) Immunoprecipitation with anti-coat protein antibody, followed by electrophoresis, transfer, and probing with anti-6His
antibody to detect P1 and P2 proteins. Lane 1: P2 protein only (input); lanes 2 and 3: P2 protein with 40 nM or 80 nM virion coat protein added, respectively; lane 4: P2
protein extract without added coat protein. (B) Immunoprecipitation with anti-6His antibody, followed by electrophoresis, transfer, and probing with anti-coat protein
antibody. Lane 1: virion coat protein only; lane 2: 40 nM virion coat protein with P2 protein; lane 3: 80 nM virion coat protein plus P2 protein; lane 4: 40 nM virion coat
protein, without added P2 protein. There was some distortion (“frowning”) of the gel shown in panel B; therefore, the bands in lane 4 do not align perfectly with the
other lanes. However, the results show that there is little detectable coat protein signal present when P2 protein was omitted from the immunoprecipitation reaction.
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shown). The inverse immunoprecipitation conditions were also
tested in parallel. P2 protein extract was added to coat protein
and 3′ UTR RNA, and the mixtures were immunoprecipitated
with anti-6His antibody (Fig. 5B, lanes 2 and 3). Following
SDS-PAGE and Western blotting using the anti-coat protein
antiserum, input coat protein (Fig. 5B, lane 1) and immuno-
precipitated coat protein (Fig. 5B, lanes 2 and 3) were observed.
Coat protein was not immunoprecipitated in these reactions in
the absence of the P2 protein extract (Fig. 5B, lane 4). Prior data
showed that AMV coat protein co-purifies with replicase
(Quadt et al., 1991); however, data presented here provide
evidence that AMV coat protein interacts directly with AMV P1
(Fig. 4) and P2 (Figs. 4 and 5) proteins.
Effects of nucleotide substitutions on coat protein binding and
replication
The AMV coat protein is multifunctional in the viral life
cycle, and it has been suggested that differential coat protein
occupancy at the multiple binding sites may determine coat
protein's roles in replication, translation, and assembly
(Petrillo et al., 2005). We sought to determine if mutations
in individual coat protein binding domains might affect the
organization and template selection functions required for
viral RNA replication, without an overall block to coat
protein binding that may be important for enhancing viral
RNA translation (Krab et al., 2005; Neeleman et al., 2004).The 3′-terminus of the AMV RNAs is characterized by
hairpin structures that are separated by (A/U)UGC tetra-
nucleotide repeats, forming multiple coat protein binding
sites (Guogas et al., 2004; Houser-Scott et al., 1994;
Reusken et al., 1994). A schematic representation of the
AMV RNA 3 3′ untranslated region shows the positions of
the AUGC or UUGC sequences separating proposed hairpin
structures (Fig. 6A). To assess potential differential functions
correlated with coat protein occupancy at the binding sites,
individual AUGC or UUGC coat protein binding sites were
converted to AAAA in viral genomic RNA 3. The AUGC
to AAAA substitutions have been shown previously to
disrupt coat protein binding (Guogas et al., 2004; Houser-
Scott et al., 1994). Coat protein binding to the 3′ UTR
RNA was analyzed by electrophoretic mobility shift assay
and viral RNA replication from the mutated RNA template
was assessed by coat protein accumulation resulting from
viral RNA replication in transfected tobacco protoplasts.
Electrophoretic mobility bandshift data provide evidence
that, in the context of the 180-nucleotide 3′ UTR sequences,
the individual AUGC or UUGC changes to AAAA or
UAAA did not prevent coat protein peptide binding (Fig.
6B). These results suggest that mutation of individual coat
protein binding sites did not prevent binding to other coat
protein binding sites on the RNA fragment. The mobility
shift patterns associated with each of the RNAs were
variable; however, all of the variant RNAs bound the coat
protein peptide, whose specificity for the viral RNAs has
Fig. 6. Disrupting individual (A/U)UGC-coat protein binding sites impairs viral RNA replication functions without blocking coat protein binding to the 3′ UTR RNA
fragment. (A) Schematic representation of the sequence and proposed secondary structure of the 3′ untranslated region of alfalfa mosaic virus RNAs 3 and 4. The
AUGC or UUGC sequences that contribute to coat protein binding are numbered and circled. (B) Electrophoretic mobility shift analysis of coat protein peptide binding
to wild-type and variant 3′ UTR RNA fragments containing AUGC to AAAA substitutions. The labels above the lanes refer to the radiolabeled RNA used in the
bandshift analysis. WT: wild-type RNA. The remaining labels refer to the AUGC or UUGC RNAs with the numbers corresponding to the positions shown in panel A.
Lanes 1, 5, 9, 13, 17, 21, 25 are radiolabeled RNA only. The remaining three lanes in each group contain increasing concentrations (50 nM, 100 nM, 500 nM) of the
CP26 peptide representing the N-terminal 26 amino acids of the viral coat protein (Ansel-McKinney et al., 1996). The labels above the lanes identify RNA 3 constructs
carrying the nucleotide substitutions in AUGC 1–6 (A). AUGC positions 1, 2, 4, and 5 (see Fig. 5A) were mutated to AAAA. The UUGC at position 3 was changed to
UAAA to conserve RNA folding as predicted by MFold (Zuker and Jacobson, 1998), and AUGC #6 (Fig. 5A) was changed to AAAC in order to conserve the SmaI
restriction enzyme site used to linearize the plasmid DNA for in vitro transcription. (C) Viral RNA replication using variant genomic RNA 3 constructs. Tobacco
protoplasts were co-transfected with RNA transcripts for genomic RNAs 1 and 2, subgenomic RNA 4 (encoding the viral coat protein) plus wild-type (lanes 1–4) or
variant RNA 3 RNA transcripts containing AUGC to AAAA substitutions at positions 1–6 (lanes 5–28). The transfected protoplasts were incubated for 48 h and lysed
in SDS-PAGE sample buffer. The lysates were analyzed by SDS-polyacrylamide gel electrophoresis, followed by Western blotting using anti-coat protein polyclonal
antiserum. CP: viral coat protein. (D) Schematic representation of the 3′-terminal 39 nucleotides of AMV RNAs with brackets showing the inter-AUGC basepairs
formed upon coat protein binding (Guogas et al., 2004). The arrows indicate nucleotides that are conserved in AMVand ilarvirus RNAs (Houser-Scott et al., 1994), but
are not contacted by coat protein (Guogas et al., 2004).
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Guogas et al., 2004). The negative bandshift, or enhanced
mobility shown in Fig. 6B, has been discussed previously
(Baer et al., 1994), and is likely due to compacting the
RNA conformation as a result of forming the RNA–peptide
complex (Guogas et al., 2004).
The nucleotide substitutions were engineered into the 3′-
terminus of genomic RNA 3, and tobacco protoplasts were
transfected with RNAs 1, 2, 4 (subgenomic coat protein
mRNA) and the variant RNA 3 transcripts. Additional details
about the AMV genomic organization are shown in Figure
S1. The appearance of coat protein in this assay is evidence of
viral RNA replication because translation of input RNA 4 is
insufficient for the detection by Western blotting (Petrillo
et al., 2005; Rocheleau et al., 2004). The data (Fig. 6C, lanes
1–3) show that the (A/U)UGC to (A/U)AAA at positions 1–3(see Fig. 6A) did not preclude accumulation of viral coat
protein. In contrast, coat protein was not detected when
AUGC tetranucleotide sequences at positions 4–6 were
mutated (Fig. 6C, lanes 4–6), suggesting that these down-
stream AUGC repeats are necessary for viral RNA replication.
These data suggest that, despite the fact that coat protein can
bind to the 3′ UTR of the variant RNAs (Fig. 6B), disrupting
the downstream AUGC repeats is highly detrimental to viral
RNA replication (Fig. 6C). These results suggest that the
functions of AUGC or UUGC coat protein binding domains
1–3 are distinct from repeats 4–6. The X-ray crystal structure
data demonstrated that coat protein stabilizes an unusual
pattern of inter-AUGC basepairing in the 3′-terminal thirty-
nine nucleotides (Guogas et al., 2004) (Fig. 6D). These results
may be relevant in explaining how coat protein can influence
both viral RNA replication and translation.
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Viral RNA replication initiation is, in general, either
primer-dependent or accomplished de novo (reviewed in Kao
et al., 2001). Theory (Maizels and Weiner, 1994, 1999;
Weiner and Maizels, 1987) and experimental evidence
(reviewed in Fechter et al., 2001) suggest that amplification
of viral genomes requires template selection signals that
facilitate polymerase binding and accurate transcription
initiation. By classification, AMV and brome mosaic virus
are very closely related (Fields et al., 1996), yet AMV and the
ilarviruses differ from other bromoviruses in several ways: (1)
AMV and ilarvirus RNAs lack the canonical features of the
tRNA-like 3′-terminus, (2) AMV and ilarvirus RNAs require
coat protein to replicate their genomes, (3) the viral coat
protein is an integral part of the AMV replicase complex, but
not of the BMV replicase complex (Quadt et al., 1991), and
(4) BMV minus strand synthesis initiates on the penultimate
C nucleotide of the template RNA (Miller et al., 1986), while
AMV minus strand synthesis presumably initiates on the
ultimate C nucleotide. These distinctions, coupled with the
data presented in this report, are consistent with a hypothesis
stating that AMV and BMV initiate viral RNA replication by
distinct mechanisms. The dramatic conformational changes
that accompany coat protein binding to the 3′-terminus of the
viral RNA (Guogas et al., 2004), coupled with the unique
requirement for coat protein to initiate viral RNA replication
(Bol et al., 1971; Neeleman and Bol, 1999) are consistent
with a hypothesis stating that coat protein binding facilitates
RNA–replicase interactions and the positioning of the repli-
case for accurate initiation.
One conclusion that has had a dominant effect on the AMV
literature is that AMV coat protein inhibits minus strand RNA
synthesis (Degraaff et al., 1995b; Houwing and Jaspars, 1986;
Olsthoorn et al., 1999; Van der Kuyl et al., 1991). The
possibility of global inhibition of minus strand synthesis by
coat protein is inconsistent with arguments presented in this
report; that is, that coat protein facilitates replication by
organizing the 3′ conformation for replicase binding and
accurate initiation. A close look at the experimental conditions
in published reports may help reconcile the data. In vitro
transcription reactions that examined the effects of exogenous
coat protein have been done using replicase prepared from
infected tissue, wherein coat protein is present as an integral
protein (Quadt et al., 1991). Coat protein-free replicase has
been used in some experiments; however, it displayed only a
few percent of the activity exhibited by coat protein-inclusive
replicase preparations (Degraaff et al., 1995b). In recent
experiments, coat protein was found to stimulate viral RNA
replication when titrated from very low concentrations. In
other words, when increasing amounts of coat protein were
added to an inoculum containing AMV genomic RNAs 1–3,
low coat protein concentrations were strongly stimulatory to
replication, while higher coat protein concentrations inhibited
replication (Guogas et al., 2005), presumably by stimulating
particle assembly. The potential biological relevance of this
observation is that, in a newly infected cell, coat proteinconcentrations are correspondingly low, suggesting the
potential to stimulate AMV replication. As coat protein
accumulates during the infection, coat protein occupancy on
the viral RNA 3′-terminus could progress, eventually inhibit-
ing replication and triggering particle assembly. The results
strongly suggest that coat protein stimulates viral RNA
replication during the earliest stages of the infection or in
compartmentalized areas of the cell where the coat protein
concentration is low.
Although the AMV coat protein co-purifies in polymerase
preparations (Quadt et al., 1991), and coat protein has been
described as an integral component of the polymerase protein
(Degraaff et al., 1995a), the coat protein–polymerase
interaction was not detected in yeast two-hybrid experiments
(Van Der Heijden et al., 2001). Technical issues with the
yeast two hybrid assay might explain the results, because it
was also found that yeast growth was not observed when
full-length P1 and P2 proteins were used in the binding and
activation domain constructs (Van Der Heijden et al., 2001).
The highly basic nature of the AMV coat protein may have
resulted in its exclusion from the nucleus in the yeast two-
hybrid experiments. Although our results demonstrate coat
protein–polymerase interactions by co-immunoprecipitation,
van Der Heijden et al. reported that co-immunoprecipitations
were not observed using in vitro-translated proteins. The
basis for the difference in data is not clear; however, the
results presented in Fig. 4 are consistent with the profile of
proteins found in replicase purified from infected tissue
(Quadt et al., 1991). One possible explanation is that the low
concentration of proteins translated in the in vitro extract
might have interfered with immunoprecipitation or, alterna-
tively, that other proteins in the extract interfered with
precipitation.
Coat protein has also been reported to stimulate viral
mRNA translation, possibly by facilitating mRNA circular-
ization (Krab et al., 2005; Neeleman et al., 2001, 2004).
Could coat protein enhances both viral mRNA translation and
replication? AMV mRNA translation cannot have an absolute
requirement for coat protein binding because infections can be
initiated by adding the subgenomic RNA 4 (encoding the
viral coat protein) to an otherwise coat protein-free transfec-
tion mix including the three genomic RNAs (Laforest and
Gehrke, 2004; Rocheleau et al., 2004). The conformational
switch model (Olsthoorn et al., 1999) proposed that coat
protein binding extended the AMV RNA conformation and
switched RNA usage from replication to translation. How-
ever, the X-ray crystal structure data (Guogas et al., 2004)
show that coat protein binding compacts the RNA structure
rather than extends it. The conformational switch model also
requires viral RNA replication on coat protein-free viral RNA,
though there are no mechanisms known at this point that
would prevent the coat protein from binding the viral RNA.
It is generally acknowledged that non-packaged viral
genomic RNAs are bound either by translating ribosomes,
moving in a 5′–3′ direction, or by RNA-dependent RNA
polymerase, moving 3′ to 5′—but not by both concurrently.
Gamarnik and Andino's (1998) experiments with poliovirus
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actively translated, and that protein–RNA interactions at the
5′ end of the RNA have important roles in regulating
translation versus replication. It is conceivable, a priori, that
AMV coat protein could have roles in both replication and
viral mRNA translation, again providing some reconciliation
when evaluating published data. Results presented here and
in a previous report (Guogas et al., 2005) may indicate that
minus strand synthesis is facilitated when coat protein
concentrations are low while higher coat protein concentra-
tions could trigger assembly. Coat protein's role in regulating
transcription and translation could also be influenced by
intracellular compartmentalization. AMV replication has been
reported to take place at the tonoplast membrane (Van Der
Heijden et al., 2001), and membrane specializations (spher-
ules) correlate closely with viral RNA replication sites
(Schwartz et al., 2004). Low coat protein concentration
within the spherules might enhance viral RNA replication.
Clearly, details are lacking at this point and additional study
is needed to define the mechanisms.
The three dimensional structures of at least six RNA-
dependent RNA polymerases and three initiation complexes
have been published (reviewed in Van Dijk et al., 2004).
None of the Bromovirus polymerase structures has been
solved; therefore, it is not known how the tRNA-like 3′-
termini or the AMV RNA–coat protein complex might look
in the initiation complex. The X-ray crystal structure of the
AMV RNA–coat protein peptide co-complex, in addition to
in vitro genetic selection data (Guogas et al., 2004; Rocheleau
et al., 2004) strongly suggest that the coat protein does not
make direct contact with the conserved loop nucleotides of
the 3′-terminal hairpins (Fig. 6D, arrows). We propose that
coat protein binding converts a structurally heterogenous
population of protein-free 3′ RNA ends into a uniform
population of structured RNA–protein complexes for pre-
sentation to the viral RNA-dependent RNA polymerase. One
possibility is that the polymerase may recognize the
conserved loop nucleotides and structure as part of its
recognition and binding domain.
The number of single-stranded nucleotides associated with
the template tunnel of the polymerases has been estimated at
about five to eight (reviewed in Kao et al., 2001). In the
structure of the AMV–coat protein complex (Guogas et al.,
2004) the 3′-terminal C residue is unpaired, while the
penultimate G is base-paired with an upstream C (Fig. 6D).
Threading the 3′-terminus of the viral RNA into the polymerase
template channel may require the helicase activity predicted to
be associated with the AMV P1 protein. The status of the bound
coat protein at this point of the initiation stage is not known, but
one hypothesis is that polymerase binding or the activity of the
polymerase/helicase may displace or dissociate coat protein. As
stated above, the AMVRNA–coat protein co-complex structure
(Guogas et al., 2004) and function of coat protein at low
concentration during replication (Guogas et al., 2005) do not
support the conformational switch model (Olsthoorn et al.,
1999). However, Olsthoorn et al. (1999) described nucleotides
with potential for intermediate-range basepairing between theextreme 3′-terminus and mid-3′ UTR region. The functional
significance of this potential pairing is not clear; however,
disruption of 3′-terminal coat protein binding by polymerase
binding or movement could potentially permit the formation of
these base pairs. If so, a prediction would be that subsequent
coat protein binding would convert the RNA back to the
compact structure.
This work was initiated to begin to understand how the AMV
RNA-dependent RNA polymerase recognizes the 3′-terminus
of the viral RNA for precise initiation of viral RNA replication.
AMV and ilarvirus RNAs are distinct because they lack a 3′-
terminal tRNA terminus; moreover, this distinction is coupled
with a unique requirement for coat protein to initiate replication.
The experimental data presented here show that, in vitro, the
AMV coat protein mediates indirect interactions between the
AMV 3′ UTR RNA and replicase proteins P1 and P2. The
results suggest a model wherein coat protein binds to both the
polymerase proteins and to the RNA, and thereby bridges their
interaction. This interaction is proposed to enhance template
selection and the accurate positioning of the polymerase to
thread the 3′-terminus into the template channel. One approach
for testing our model in a more natural experimental system
would be to identify and disrupt the coat protein-replicase
interaction domains, followed by viral RNA replication
analysis. With respect to coat protein's multifunctionality,
further study is needed to determine if initiation factor eIF4G
{Krab, 2005 #5902} and the viral replicase proteins compete for
binding to the viral coat protein, thereby directing function to
translation or viral RNA replication.
Materials and methods
Recombinant baculovirus clones
The coding regions for the alfalfa mosaic virus P1
(presumptive helicase-methyltransferase) and P2 (RNA-depen-
dent RNA polymerase) proteins were amplified from DNA
clones by thermal cycling and inserted into the pFastBac HTb
vector (Invitrogen), adding a C-terminal 6His affinity tag. The
construct DNAs were transformed into DH10Bac cells
(Invitrogen) containing a baculovirus shuttle vector bacmid
with a recombination target site. Recombinant bacmids
generated by recombination events were recovered as high
molecular weight DNA and used to transfect insect cells.
Recombinant virus was plaque-purified and used to infect insect
cells for protein expression.
Protein expression and purification
TnHi5 cells were infected with recombinant baculoviruses
expressing 6His-tagged P1 and P2, or P2 alone. The expressed
proteins were released from membranes and solubilized using
methods described by Lohmann et al. (1997). Insect cells were
sedimented, resuspended in 1× PBS, and re-sedimented by
centrifugation for 10 min at 1500×g. Cell pellets were then
resuspended in cold Lysis Buffer 1 (LB1) (10 mM Tris–HCl pH
7.5, 10 mM NaCl, 10 mM MgCl2, 10 mM β-mercaptoethanol),
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suspension was centrifuged for 5 min at 14,000 rpm in a
microcentrifuge (Eppendorf) at 4 °C, and the supernatant was
removed. The pellet was resuspended in Lysis Buffer II (LB2)
(20 mM Tris–HCl pH 7.5, 300 mM NaCl, 10 mMMgCl2, 0.5%
Triton X-100, 20% glycerol, and 10 mM β-mercaptoethanol).
The suspension was sonicated three times for 5 s at setting level 2
(Virsonic 100 sonicator, Virtis). The sonicate was centrifuged for
5 min at 4 °C using a microcentrifuge (Eppendorf, 14,000×g),
and the supernatant was removed. The pellet was then suspended
in Lysis Buffer III (LB3) (20 mM Tris–HCl pH 7.5, 500 mM
NaCl, 10 mM MgCl2, 2% Triton X-100, 50% glycerol, and
10 mM β-mercaptoethanol) and sonicated three times for 5 s at
setting level 2. The sonicate was centrifuged as described above.
Following removal of the supernatant, the pellet was resus-
pended once again in Lysis Buffer III (LB3), sonicated three
times for 5 s each at setting level 2. Following a final
centrifugation, the fractions containing soluble supernatant
protein were either used directly or pooled before use. Pellet
fraction protein was used for some of the far-Northwestern blot
experiments while soluble protein was used for all other
experiments.
In vitro translation
Radiolabeled P1 and P2 proteins were produced by in vitro
translation using a micrococcal nuclease-treated reticulocyte
lysate (Promega Corporation) programmed with in vitro
transcripts of the P1 and P2 messenger RNAs and 35S-
methionine. Following the incubation period, unincorporated
35S-methionine was removed by size exclusion chromatogra-
phy on Sepharose G25.
Far-Northwestern analysis
This is a method for detecting specific protein–RNA–
protein or protein–protein–RNA interactions. The technique is
similar to a Northwestern blot; however, a combination of
protein and RNA is used as probe. In the first step,
Northwestern analysis was performed essentially as described
by Blackwell and Brinton (1997), with modifications (Gomila
and Gehrke, in press). Proteins were separated by SDS-
polyacrylamide gel electrophoresis using 10% gels (BioRad,
precast). Transfer to nitrocellulose membrane was done over-
night at 30 V. Blots were blocked by incubating in 5% Blotto
(Pierce) in PBST (PBS+0.1% Tween-20) for 1 h at room
temperature. Blots were then washed in HBB buffer (25 mM
HEPES–KOH pH 7.5, 25 mM NaCl, 5 mM MgCl2 and 7 mM
β-mercaptoethanol) for 10 min. Prior to adding the probe, the
proteins bound to the nitrocellulose membrane were denatured
in guanidinium chloride and subsequently renatured by slowly
removing the denaturant. Denaturation was accomplished by
two successive washes in HBB buffer containing 6 M
guanidinium chloride. Renaturation was performed by washing
the nitrocellulose membrane once each (10 min) in 3 M, 1.5 M,
0.75 M, 0.375 M and 0.187 M guanidine chloride in HBB.
Membranes were then washed in HBB, followed by 2 washes inHYB100 (20 mMHEPES–KOH pH 7.5, 200 mMKCl, 2.5 mM
MgCl2, 0.1 mM EDTA, 0.1% NP40 and 7 mM β-mercap-
toethanol). Radioactivity levels were determined by liquid
scintillation counting. When membranes were probed with
radiolabeled RNA (as for a Northwestern), approximately
1×106 counts-per-minute of renatured AMV 3′ UTR RNA in
HYB100 were incubated with the membranes for 4 h at room
temperature. For RNA–coat protein probing (as for a far-
Northwestern), the labeled RNA and an equimolar amount of
virion coat protein were added to the membrane buffer.
Following these incubations, blots were washed three times
using HYB100 buffer and exposed to X-ray film overnight.
RNAs and RNA transcription
DNAs corresponding to the 3′ untranslated regions of
alfalfa mosaic virus, tobacco streak virus, and tobacco mosaic
virus were subcloned into a transcription vector containing
the bacteriophage T7 promoter. RNAs were transcribed using
commercial in vitro transcription kits (Ambion). RNA probes
were prepared by including 20 μCi of [α-32P]UTP or CTP in
a standard 20 μl transcription reaction. Following the
transcription, unincorporated nucleotide was separated from
transcribed RNA by spin chromatography on a Sepharose G-
50 column. Detailed methods for RNA transcription are
described in prior publications (Ansel-McKinney and Gehrke,
1998; Petrillo et al., 2005).
Native immunoprecipitation
Duplicate binding reactions were prepared, each containing
a solution of 60 μl soluble P2 fraction, 0.1 mM EDTA,
0.015 μg/μl yeast tRNA, and 5 U RNase inhibitor (Qiagen).
Virion coat protein (vCP) was added to a final concentration of
40 nM or 80 nM, with and without 10 nM AMV 3′ UTR RNA.
Reactions were incubated at room temperature for 15 min and
then diluted by adding 220 μl of IP Buffer (10 mM Tris, pH
7.5, 100 mM NaCl, 1 mM EDTA, 0.05% NP40, 0.5 mM
dithiothreitol), and placed on ice. To each pair of duplicate
reactions, either 2 μl polyclonal anti-vCP antibody, or 3 μl
Qiagen Tetra His monoclonal antibody was added, and the
reactions were incubated on a rotator at 4 °C for 1 h. After 1 h,
20 μl of a 50% slurry of Protein-A Sepharose (PAS) was added
to each sample, followed by incubation with rotation for an
additional hour at 4 °C. PAS and bound proteins were washed
3× in IP Buffer and then resuspended in 15 μl SDS-PAGE
loading buffer, and the entire sample was loaded onto a 10%
(anti-coat protein immunoprecipitation) or 15% (Tetra His
immunoprecipitation), and transferred to PVDF membranes.
Samples immunoprecipitated with anti-vCP were probed with
Tetra His monoclonal antibody, while samples immunopreci-
pitated with the TetraHis antibody were probed with anti-vCP.
In vitro P2 polymerase activity assay
The activity of soluble P2 protein preparations in minus-
strand RNA synthesis was assayed in in vitro transcription
224 V.L. Reichert et al. / Virology 364 (2007) 214–226reactions containing 50 mM Tris pH 8.0, 10 mM MgCl2,
0.5 mM ATP, GTP, CTP, 10 μM non-radioactive UTP,
∼10 μCi [α-32P]-UTP, 5 U RNase inhibitor (Sigma or
Qiagen), 1 pmol RNA template (AMV 3′ UTR RNA), and
2.5 μl P2 soluble protein fraction. In initial experiments, the
transcription results were not visibly affected by pre-treating
the P2 fractions with micrococcal nuclease, followed by
inactivation with EGTA; therefore, subsequent protocols
omitted the nuclease treatment. Reactions were incubated at
30 °C for 1 h. Proteins were hydrolyzed by adding proteinase
K, and the solution was then extracted using acid phenol–
chloroform (Ambion). Nucleic acids were precipitated by
adding sodium acetate to 0.3 M final concentration along with
carrier glycogen (2 μg/μl) and ethanol, added to a final
concentration of 70%. The precipitates were sedimentated by
centrifugation for 10 min at 4 °C, washed with 70% ethanol,
and resolved by electrophoresis into a 10% denaturing
polyacrylamide gel. The labeled transcription products were
visualized using a phosphorimager.
Electrophoretic mobility bandshift assay
Coat protein binding to the 3′ untranslated region of AMV
RNA 4 was assayed using radiolabeled RNA (20 nM) and a
26-amino-acid peptide (CP26) corresponding to the N-
terminal RNA binding domain (Ansel-McKinney and Gehrke,
1998; Ansel-McKinney et al., 1996). Variant RNAs are as
follows: AUGC positions 1, 2, 4, and 5 (see Fig. 6A) were
changed to AAAA. The UUGC at position 3 was changed to
UAAA to maintain RNA folding as predicted by MFold
(Zuker and Jacobson, 1998), and AUGC #6 (Fig. 6A) was
changed to AAAC in order to conserve the SmaI restriction
enzyme site used to linearize the plasmid DNA for in vitro
transcription. The 3′-terminal C is not involved in inter-
AUGC basepairing (Guogas et al., 2004). Details for the
binding assay have been published elsewhere (Ansel-McKin-
ney and Gehrke, 1998; Ansel-McKinney et al., 1996).
Viral RNA replication in transfected protoplasts
The functional effects of AMV coat protein binding
domain mutations in genomic RNA 3 were assayed using a
virus replication assay in transfected tobacco protoplasts. The
AMV genomic organization is presented in the Supplemental
data. The AMV genomic RNAs 1–3 are not infectious unless
RNA 4 (coat protein mRNA) or coat protein is added to
initiate replication. Mutations were introduced into the 3′
untranslated region of a DNA clones corresponding to viral
genomic RNA 3. Genomic RNAs 1 and 2, variant genomic 3
containing 3′ UTR mutations, plus subgenomic RNA 4 were
transcribed in vitro, and the RNAs were transfected into
protoplasts by electroporation. Replicated genomic RNA 3
and newly transcribed subgenomic RNA 4 carry the
nucleotide substitutions.
Briefly, tobacco cell walls were removed and the
protoplasts were transfected by electroporation with genomic
RNAs 1–3 plus subgenomic RNA 4 (encoding the viral coatprotein). The transfected protoplasts were incubated for 48 h,
followed by lysis and Western blotting assay for viral coat
protein as a measure of viral RNA replication. Viral coat
protein is not detectable in this assay in the absence of viral
RNA replication, and coat protein levels reflect replicated
viral RNA levels (Rocheleau et al., 2004). Detailed methods
for analyzing viral RNA replication in transfected protoplasts
are described elsewhere (Laforest and Gehrke, 2004; Petrillo
et al., 2005; Rocheleau et al., 2004).
Virion coat protein
Alfalfa mosaic virus coat protein, a gift from Dr. Ed Halk,
was isolated from virions (Kruseman et al., 1971).
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